With medium carbon steel as the research object, this paper explores the regularities of hydrogen diffusion by electrochemical hydriding, establishes a macro-micro hydrogen diffusion simulation model, and obtains the regularities of hydrogen concentration distribution at different initial hydrogen concentrations and different hydriding times. Based on the test results, the authors get reasonable values of parameters that are difficult to measure, such as the initial concentration coefficient α. To disclose the formation mechanism of hydrogen-induced blisters, this paper analyzes the regularities of hydrogen concentration, diffusion and condensation in hydrogen traps from the micro perspective. The macro-micro hydrogen diffusion simulation model offers a simulation method to similar electrochemical experiments, helps predict hydrogen 87 diffusion and condensation in cases that are difficult to measure, and provides clues to prevent "hydrogen embrittlement".
Introduction
The chemical element hydrogen is very harmful to metals. In the forging process, "Forging flakes" is known as the "cancer" of the forge piece [1] . To better understand the mechanism of hydrogen embrittlement, the electrochemical hydriding method is increasingly applied. The electrochemical hydriding experiment amplifies the hydrogen diffusion and condensation, which are difficult to observe in actual production, so that researchers can make clear observations and disclose the regularities of hydrogen induced damage. In recent years, researchers have taken the method of electrochemical hydriding experiment to study some pipeline steel materials [2] [3] [4] [5] and high carbon steel materials [6] . In this paper, an electrochemical hydriding experiment is carried out on medium carbon steel. During the experiment, hydrogen-induced blisters emerge on the surface of hydrogenated carbon steel specimens. As a common form of material degradation caused by hydrogen pressure, hydrogen-induced blister is the ultimate state of "hydrogen embrittlement". The phenomenon is clearly related to the diffusion and condensation of hydrogen in metals. Hence, the study on the formation mechanism of hydrogen-induced blisters has guiding effect on finding the causes of "hydrogen embrittlement".
To disclose the formation mechanism of hydrogen-induced blisters, this paper establishes a macro-micro finite element hydrogen diffusion model based on Voronoi cell topology information with the finite element software Abaqus [7] , and analyzes the hydrogen diffusion in common hydrogen traps. The simulation results are compared with the results of electrochemical hydriding experiment under the same conditions, which proves that the simulation results are valid and can provide a simulation platform for similar hydrogen damage research.
The electrochemical hydriding experiment on medium carbon steel

The principle of the electrochemical hydriding experiment
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The electrochemical hydriding uses electrochemical-atomic diffusion method to apply polarization current on the working medium and to ionize the required hydrogen ions. In the hydrding process, the magnitude of the current can be changed to provide the different hydrogen concentrations required for the experiment. 
Cathodic terminal: 
The results of the electro chemical hydriding experiment on medium carbon steel
According to the experimental results, the surface morphology of 40Cr steel under different charging currents and charging times is as follows: hydriding. At 5h, the hydrogen-induced blisters on the surface of the 40Cr specimen grow rapidly in size and density, and become more and more circular in shape. In other words, the hydrogeninduced blisters are significant and clearly visible. When the hydriding current is 10mA/cm 2 , the surface of the specimen has visible hydrogen-induced blisters under any of the three hydriding times. As the hydriding current increases, the earlier, the more and the plumper the blisters become. Analysis shows that the hydrogen-induced blisters on the surface of the specimen are mainly formed under the following condition: With more hydrogen atoms diffuse into the specimen, a large number of atoms would accumulate in defective pores of the specimen or dislocation spaces of grains; in this case, the hydrogen atoms are combined into hydrogen molecules, in which the volume expands 16 times [10] .As the increase in volume results in a huge hydrogen pressure, the formation of blisters is an inevitable way to rebalance the pressure.
The calculation of electrochemical hydrogen diffusion parameters
In the electrochemical experiment, the hydrogen flow rate through the specimen area is related to the anode current density I∞ at the steady state. The hydrogen permeation amount J∞ is expressed as:
Where A is the specimen area (cm 2 ) and F is the Faraday constant (96,500C/mol).
The effective hydrogen diffusion coefficient D is calculated as:
Where d is the specimen thickness (cm), tL is the lag time [1] (s), i.e. the time it takes for the anode current It to reach 0.63 I∞ in the hydrogen permeation curve.
The hydrogen concentration C0 on the surface of the specimen is calculated as: As shown in Fig.3 , in electrolysis hydriding, a large part of the hydrogen atoms condense into hydrogen molecules in Process 3, and flow over the electrolytic cell. Thus, the initial hydrogen concentration of effective hydrogen diffusion should be multiplied by an initial hydrogen concentration correction coefficient α.
The solubility of hydrogen in iron is calculated by the following equations: 
Macro-micro finite element simulation model for the electrochemical hydriding experiment
A finite element microscopic model based on voronoi cell topology information has been carried on , according to the above experiment, for a further analysis of the concentration of hydrogen diffusion process, and the process of the evolution of hydrogen defects. 
Hydrogen trap simulation analysis with microscopic crystal model
Normally, the main hydrogen traps in steel are local irregularities like cavities, dislocations, grain boundaries and inclusions [8, 9] . The hydrogen traps have significant influence on hydrogen-induced blisters and cracks. Fig.10 shows various kinds of hydrogen traps.
Fig.10. Schematic map of hydrogen traps
At near room temperature, the diffusion coefficient of hydrogen in the grain boundary will be greater than the diffusion coefficient in the lattice. Therefore, in the mesoscopic model, the 97 hydrogen diffusion coefficient of the grain boundary is set to inherit the diffusion coefficient of the material, and the hydrogen diffusion coefficient of the lattice is several times the hydrogen diffusion coefficient of the material. The hydrogen diffusion coefficient and hydrogen solubility in different hydrogen traps are also different. The hydrogen solubility of the hydrogen trap in the cavities is the largest, followed by the Precipitates, the dislocations, the hydrogen trap at the grain boundary,and lattice vacancies hydrogen trap has the least solubility. In terms of the hydrogen diffusion coefficient, The diffusion coefficient of dislocations hydrogen trap is the largest, followed by the grain boundary of the hydrogen trap, the cavities of the hydrogen trap, the lattice vacancies of the hydrogen trap, and the smallest is Precipitates hydrogen trap. 
Conclusion
1) The electrochemical hydriding experiment shows that, with the increase in current density and hydriding time, more and more hydrogen-induced blisters are produced on the surface of medium carbon steel, and the blisters are increasingly plump.
2) The authors obtain the relation between hydrogen concentration and time through the numerical simulation of the hydrogen diffusion in carbon steel by the finite element software ABAQUS. The findings are in good agreement with the morphology of blisters on the surface of carbon steel in the experiment, indicating that the finite element model is reliably. The method offers a simulation platform to similar electrochemical experiments, helps predict hydrogen diffusion and condensation in cases that are difficult to measure, and provides clues to prevent "hydrogen embrittlement".
3) On the basis of macroscopic hydrogen diffusion model, the authors further explore the formation mechanism of blisters with the microscopic hydrogen trap model. The results signify that the formation of hydrogen-induced blisters is related to the depth of hydrogen trap. The deeper the trap, the lower the hydrogen concentration, and the more difficult it is to form hydrogen-induced blisters. The formation of hydrogen-induced blisters is also relevant to the location of the hydrogen trap relative to the grain boundary. The traps closer to the boundary are easier to form blisters. In addition, the formation has something to do with the state of the trap.
Blisters are most likely formed in cavities.
